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Abstract 
Fire disasters occurred in large commercial buildings usually cause heavy casualties and property losses. Many studies on large 
commercial building fire behaviours put emphasis on simple fire prevention state influenced fire spread. However, in real fire disasters, 
both sprinkler operation mode and combustible material attributes play important role in affecting fire safety. In the present study, different 
sprinkler system activation modes under different fire scenarios in large commercial building were numerically investigated by using CFD 
simulation software FDS. It was found that the sprinkler system could supress fire development at the initial stage because the pyrolysis of 
combustible materials is inhibited, the process of heat transfer is slowed down, resulting in a prolonged evacuation time in such buildings. 
It was also found that different combustible materials distribution in markets and combustion rate play a vital role in affecting the safety 
level of occupants evacuation. 
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Nomenclature 
ܦ௟           diffusion coefficient(m2/s) 
ሬܸԦ           velocity vector 
V            volume(m3) 
௟ܻ           component concentrations(kg/kg) 
ɏ           density(kg/m3) 
Ȱ          damping of energy equation 
t             time(s) 
Ɋ        dynamic-viscosity coefficient( ή Ȁ݉ଶ) 
e           internal energy(J/m3) 
ܨԦ          volume force(N) 
k            thermal conductivity(W/mk) 
ሶ݉ ௙        fuel release model(kg/s) 
P            pressure(Pa) 
ݍሶ            radiant heat flux(W/m2) 
T            temperature(K) 
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1. INTRODUCTION  
With the development of architectural technology, large commercial building has become more and more popular in 
modern cities. It makes living condition much more convenient, however, also brings new fire risks. This is due to the reason 
that large commercial building is typically with large inner space, the flammable goods inside forms a special kind of fuel 
distribution, i.e., most of the goods are stored centrally for the convenient of classification and transportation. In case of fire, 
fire spread very quickly in this kind of buildings [1]. According to the Chinese Fire Inventory, in total 395000 fire alarms 
were reported in the year 2014, causing a death of 1817 people, and a direct property loss of 4.39 billion Yuan. For this 
reason, large space building fire has attracted more and more attention. A lot of work has been done to make large 
commercial building fire prevention more scientific, reasonable and economic. The features of smoke flow and some other 
related problems have been investigated by using Delphi, PHOENICS and other numerical simulation software [2-3]. He et 
al. compared experimental results and numerical simulation results of smoke movement for adjacent rooms, and analyzed 
precision control problem in numerical simulation software [4]. David also put forward his opinions on smoke control 
methods in large space buildings [5]. 
We analysis and evaluate large commercial center security in different fire source and different spray work scenarios, 
provide reference to performance-based building design. 
In the present study, we study the influence of suppressive sprinkler system on fire spread and smoke flow in large space 
by using software FDS®. A typical large space commercial building model is built, and six fire scenarios with different fire 
source position and working ranges of sprinkler system are established in the 2nd section. The results of these fire protection 
designs are detailed in section 3. In the 4th section, we compare the influence of suppressive sprinkler system on the safety of 
occupant’s evacuation. At last, it comes our conclusions. 
2. MODEL FORMULIZATION 
2.1 FDS 
FDS® is a fire energy and fluid flow CFD software, which is developed by the National Institute of Standards and 
Technology (NIST) [6]. This software calculates gas concentration, temperature, flow velocity in each unit by using finite 
volume method. Turbulence can be modelled with large eddy simulation (LES) and direct numerical simulation (DNS) 
technique in FDS. After calculating, we can get temperature of pre-specified calculation point, CO concentrations, CO2 
concentrations, O2 concentrations, direction of smoke movement and so on. FDS can also simulate sprinkler system and 
other extinguishing system in real fire protection situations. 
FDS is based on Navier-Stokes equations of viscous fluid flow, including continuity equation, momentum equation, 
energy equation and composition equation, as shown in Equation (1) – (4) as follows. 
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2.2 Building and Fire model 
A large shopping mall is selected as a representative large commercial building in the present paper. The length of the 
selected building is 80m, the width is 60m and the height is 10m. As an atrium building, this market is divided into two 
floors. There are in total 8 gates, 3 elevators, 4 escalators and 2 escape staircases, as shown in Fig.1. The width of Gate 1 is 
8m and height is 4m. The width of other gates is 2m and height is 4m. The width of emergency staircase is 1.50m and the 
depth of stair step is 0.4m.  
In Fig.1, grey walls and black elevators are made of non-combustible materials, other clapboard and goods are made of 
combustible materials, thus can be ignited by designed initial fire source. Detailed thermal properties about these materials 
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can be found in the following Table 1. It can also be found from this figure that, there are 4 different areas on each floor. In 
each area of these floors, the distribution information of combustible materials can be found in Table 2.  
 
Fig.1 Scheme of the studied large commercial building. (a) Top view of the first floor; (b) Top view of the second floor. 
Table.1 Information of combustible’s ignition temperature (Ԩ) 
COMBUSTIBLE Test 1˄no sprinkler system˅ Test 2˄sprinkler system˅ Test 3 ˄ changing ignition 
temperature˅ 
UPHOLSTERY 160 160 280 
SPRUCE 360 360 360 
CARPET 160 160 290 
PLASTIC A 370 370 370 
 
Table 2.  Distributive information of combustible materials. 
Floor 1 Combustible materials Floor 2 Combustible materials 
A 6 stores A’ bank 
B 19 stores B’ living supermarket 
C 3 groups of combustible C’ 6 groups of combustible 
D 2 stores D’ atriums hole 
 
In the present study, we assume that heat release rate of the fire source is 5000W, the area of the designed initial fire 
source is 1m×1m. The position of fire source on the 1st floor is in region B; the position of fire source on the 2nd floor is in 
region B’. We designed in total six fire scenarios, detailed information of which can be found in Table 3. The fire size in 
these fire scenarios are all the same, the only parameters changed is the fire location. To investigate the influence of sprinkler 
system, we choose K-25 sprinkler in the present study and changes its working ranges under different fire scenarios. The 
working pressure of this sprinkler is 0.13MPa, the start-up temperature is 74ι, flow velocity is 10m/s. Distribution form of 
the sprinkler system is square with an inter-sprinkler space of 3m. Here we use two kinds of incomplete working sprinkler 
system. For scenario 1, the sprinklers break down in region E (as shown in Fig.1). For scenario 2, the working sprinklers 
were distributed above the fire source. 
3. RESULTS AND DISCUSSIONS 
3.1 Heat Release 
Compared with other building fire, rapid development rate is a special characteristic of large commercial building fire. 
Fig.2 shows the heat release curves of six fire scenarios. Under the Scenario 1, the fire developed rapidly and HRR value 
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also rose rapidly in 150s due to thermal convection, and then the fire reached a relatively steady state in 200s and keeps 
about 300s, after which the HRR started to decrease. For Scenario 2, 3 and 4, we can see from Fig.2a that the heat release 
rate is obviously suppressed by sprinkler system. Meanwhile, the HRR value reduced with the increasing covering range of 
sprinkler system. Under the Scenario 2, heat release rate tends to be 0 after 300s. Under the Scenario 3 and Scenario 4, heat 
release rate tend to be 0 after 100s. While for Scenario5, the fire source is located at the second floor, where there were 
intensive combustible materials. As can be found, the fire developed rapidly before the 100s, while from 200s to 400s, the 
fire status was stable. From 400s to 500s, the fire spread to the first floor and developed much more rapidly. From 600s to 
800s, the fire on the first floor combusted stably and the fire on the second floor was at extinguished stage. After 900s, the 
fire on the first floor began to extinguish. Comparing Scenario 6 with Scenario 5, we can find that the rapidly development 
stage disappeared. That is because the sprinkler system in scenario 6 can fully control the fire, thus the fire on the second 
floor is in a small scale. The HRR value of Scenario 6 as a result remained stable during the whole fire development process. 
Comparing Scenario 1 with Scenario 5, we can see that the heat release rates have analogous shape, however with a short 
delay. The reason accounting for this feature is the combustible materials and their distributions are the same, but the 
position of fire source is different. Most of the combustible materials on the second floor are low heat releasing plastics, so 
the total amount of heat release keeps low level during the simulation process. 
 
Table 3.  Information of different fire scenarios 
Fire protection design Position of fire source Sprinkler system mode 
Scenario1 Floor1 Not activated 
Scenario2 Floor1 Partially active 1 
Scenario3 Floor1 Partially active 2 
Scenario4 Floor1 Activated 
Scenario5 Floor2 Not activated 
Scenario6 Floor2 Activated 
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Fig.2 The development of HRRPUV in 6 fire scenarios (a) and the corresponding soot concertation (b). 
3.2 Production of Smoke 
As we know, over 80% injuries in fire are caused by inhaling excess smoke. Thus we have to explore the production of 
smoke in large scale building to investigate occupant safety. Smoke produced in fire consists gas, particulate matter and part 
of air composition that produced by pyrolysis and burning. In Fig.2b, we show the development of soot concertation under 
different fire scenarios. In scenario 1, 2, 3 and 4, we found that soot concertation decreases with the increasing of sprinkler 
effective range. The volume of smoke increases rapidly because of incomplete combustion at the beginning stage of burning, 
and smoke becomes rare at fully developed stage. Comparing the condition in scenario 5 and 6, the tendency of soot 
concertation development is in accordance with the volume change of HRR, meaning soot concertation is closely related to 
burning condition. Similar conclusion can also be drawn when we look at scenario 5, in which fire spread to the first floor 
and the volume of smoke increasing rapidly, while as a contrast fire burns steadily on the second floor in scenario 6 and thus 
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the soot concertation changes slowly too. Comparing scenario 4 and 6, we found that the fire growth rate plays a crucial role 
in influencing the effect of sprinkler system, i.e., on the second floor, the combustible material density was higher than that 
on the first floor, thus sprinkler system has limited controlling effect on the second floor while can control the development 
of fire effectively on the first floor during the fire growth stage. 
3.3 Temperature of Smoke 
It was found that when the temperature reaches 65Ԩ, people can survive a short time; when the temperature reaches 120Ԩ, 
it will cause unrecoverable damage to the human body; when the temperature reaches 180ι, it can burn the body directly [7]. 
Fig.4 shows isothermal surfaces of six fire scenarios at 100s for temperature 50ι, 200ι and 500ι with the color of orange, 
gray and turquoise, respectively. From Fig.4 we can see that for Scenario 1, the 500ι isothermal surface mainly distributed 
in region B (as shown in Fig.1) where the fire was fully developed. While, the50 ι and 200ι isothermal surfaces basic 
cover other regions. It is noticed that the upper temperature is high, which is due to the reason that smoke accumulated over 
the floor [8]. Meanwhile, it is noticed that there is an obvious thermal stratification near the window, which is believed to be 
the result of outside cold air cooling effect. On the second floor, the 50ι and 200ι isothermal surfaces mainly distributed 
in region D’, as shown in Fig.1b. In Scenario 2 in total 9 sprinklers above the fire source were activated. Thu we can found 
the 200ι isothermal surface almost covers the first floor, while the 500ι isothermal surface mainly distributed in fire 
source adjacent area. Comparing Scenario 2 with Scenario 1, we can see that the area of 50ι isothermal surface is smaller 
than that of Scenario 1 on the second floor. In Scenario 3, the suppression of spread fire is obvious, i.e., the 500ι isothermal 
surface was above the fire source, while the 200ι isothermal surface basically covered the first floor. For the reason that the 
smoke spread though region D, so the 50ι isothermal surface basically covers region D’. In Scenario 4, the temperature of 
region B was controlled under 50ι. In Scenario 5, the 500ι isothermal surface basically covered the second floor. The 
temperature of the first floor barely rose. Comparing Scenario 6 with Scenario 5, we can see that the 50ι isothermal surface 
in scenario 6 is smaller than that in Scenario5, and basically covers region A’. 
(a)  (b) (c)   
(d) (e)  (f)    
Fig.3 Snapshots of 50ι, 200ι and 500ι isothermal surface of six fire scenarios at 100s: (a) Scenario 1; (b) Scenario 2; (c) Scenario 3; (d) Scenario 4; (e) 
Scenario 5; (f) Scenario 6. 
4. Evacuation condition 
4.1 Evacuation time  
    Generally speaking, the evacuation process can be divided into three stages, i.e., evacuation perception stage, 
evacuation response stage and evacuation operation stage. The total evacuation time is the sum of the time cost in each of 
these three stages. In the present paper, the evacuation time is calculated according to Ref [9], where total evacuation time is 
the sum of perception time and operation time, as shown in Equation (5). 
         ൌ ௉ே஻ ൅
௅
௏                                                                                       (5) 
460   Xin Ye et al. /  Procedia Engineering  135 ( 2016 )  455 – 462 
Where P represents the number of evacuees, and the number of occupants on the 1st and 2nd floor was 400, respectively; N is 
the flow rate (in this paper, N=1.5p/m/s); B stands for the effective width of exits. It should be noted that the effective width 
of the door to evacuation stair and is 1.7m, while the effective width of escalator is 0.82m. V represents the free speed of 
person, the speed in horizontal plane and stair is 1.5m/s and 0.6m/s, respectively. L is the maximum distance of evacuation 
route, whose value is 81m in the present study. Hence, the horizontal evacuation time for people on the 2nd floor is: 
ଵܶ ൌ
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ଵǤହൈଵǤ଻ ൌ ʹͶͳǤͷݏ                                                                       (6) 
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The vertical evacuation time for people walking down from the 2nd floor to the 1st floor is: 
௦ܶ ൌ
ଵǤଶ
଴Ǥ଺ ൌ ʹͲݏ                                                                                  (9) 
The information of the 8 exit gates on the 1st floor are shown in table3.  
Table3.  Information of evacuation scenarios 
Serial number of gate Width/m Effective width/m Maximum evacuation distance/m 
Gate1 8 7.7 34 
Gate2 2 1.7 76 
Gate3 2 1.7 113 
Gate4 2 1.7 103 
Gate5 2 1.7 103 
Gate6 2 1.7 113 
Gate7 2 1.7 119 
Gate8 2 1.7 76 
 
The evacuation time on the 1st floor is: 
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Thus the total evacuation time is: 
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4.2 Evacuation performance under different fire scenarios 
In this section, 3 fire scenarios were further designed detailed information about these scenarios can be found in Table.4. 
In all these situation, the fire source is located on the first floor, the parameters include the working condition of sprinkler 
system and the ignition temperature of combustible materials. The difference between Test 3 and Test 1, Test 2 is the 
temperature rising after ignition. Here in the present study, the temperature feature at the height of 1.8m is adopted to 
evaluate the safety level of evacuees. 
Fig.4 shows the simulated the temperature at the height of 1.8m when the time is 395s after ignition. In scenario 1, the 
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temperature of the first floor exceeds 300ι, and even reached 1500ι at gate7. For other gates, the temperature also exceeds 
180ι, resulting in a harmful condition to these evacuees and pose a great danger to the evacuation process. In scenario 2, 
the sprinkler system slows down the development of fire at the beginning, decreases the thermal radiation and heat 
conduction near the fire source. Thus the temperature indoor are almost below 30ι, so people are able to evacuate safely. In 
scenario 3, the temperature near fire source can reach 300ι, but the temperature indoor was still below 35ι, meaning the 
ignition temperature of combustible materials near fire source increased and so was the thermal radiation, the flammable 
element thus accumulated continuously, which may result in flashover. Although all exits are under safe condition at the 
present moment, but if the evacuation process cannot finish before flashover, the consequence would be horrible. 
(a)  (b)   
(c)  
Fig.4 Temperature snapshots at the height of 1.8m at 395s for different fire scenarios: (a) Test 1; (b) Test 2; (c) Test 3. 
5. Conclusions 
In the present paper, we studied suppression effect of sprinkler system on large commercial building fire spread by 
performing numerical investigations. Different fire sources and six operation mode of sprinkler system were taken into 
account in the built model. The results showed that when the sprinkler system is not activated, the fire in building developed 
rapidly, the temperature and smoke reached a critical value which could endanger occupant evacuation in a short time, the 
temperature of  first floor exceeds 200ι in 100s, and the combustion reaches its fully developed period after 150s, meaning 
Available Safe Escape Time (ASET) is less than Required Safe Escape Time (RSET). In the scenario where sprinklers 
system is partially activated, the fire in building can be suppressed, so that the fire can be controlled within its initial area. 
The extreme value of temperature and smoke is lower than that of the scenario when sprinkler system is not activated. At the 
moment of 100s, the average temperature of non-fire floor is less than 50ι, the amount of smoke decreased and the 
maximum quantity is less than 20kg, the ASET increases. In the scenario of totally activated, fire is controlled in a small 
range, the fire has not reached its dangerous threshold and the average temperature of room is less than 65ι, meaning the 
evacuation would be safe and there would be little property loss. Comparing the fire source condition on the 1st and 2nd floor, 
it can be found the fast fire development is due to the distribution of combustible materials, i.e., more combustible materials 
would increase fire size and development process. In the scenario of inflammable combustible, we found the acquired 
evacuation time is less than 395s, so we had to activate sprinkler system. In the scenario of non-flammable combustible, the 
evacuation could be safe.  
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